Hybridization and introgression between two closely related but taxonomically distinct Arctic lousewort species -the circumpolar Pedicularis hirsuta (predominantly eastern Arctic in Canada) and the amphiBeringian, western Canadian Pedicularis langsdorffii subsp. arctica -is documented here for the first time, only the second confirmed case of introgression in this widespread genus. Multivariate and univariate analysis of morphological characters successfully delineate the two species as morphologically similar but distinct taxa. Analysis of nrDNA ITS sequences likewise differentiate the two taxa in all sampled instances. Analysis of cpDNA atpI-atpH sequences also separate these taxa, except in 12 individuals of P. langsdorffii subsp. arctica, which possess the same haplotype as P. hirsuta. Where these two species overlap in range in the Canadian High Arctic, chloroplast transfer from P. hirsuta to P. langsdorffii subsp. arctica is detected, and morphologically intermediate hybids have been identified, indicating hybridization and subsequent backcrossing. Here we discuss the relationships between these two species, and provide a key useful in differentiating them.
Introduction
Pedicularis L. is the largest genus of the ca. 89 genera in the Orobanchaceae (Bennett and Mathews 2006 ). This widespread family, which includes many notable parasitic members, now includes ca. 73 genera (like Pedicularis) that were formerly placed in the Scrophulariaceae (Wolfe et al. 2005) . With over 600 species worldwide (Robart et al. 2015) , Pedicularis is most diverse in temperate Eurasia, where over 70% of known species occur (Yang and Wang 2007) . Many species can be found throughout the western hemisphere (Mill 2011) , and approximately 40 are known from North America (Robart et al. 2011 ).
North American species of Pedicularis are thought to have radiated from Eurasian migrants (Li 1951; Robart et al. 2015) . Previously, Savile (1977) suggested that up to 25 mid-latitude species on the continent evolved from a single species introduced in the Pliocene based on close morphological similarity; this is consistent wtih a recent phylogeny which estimates the number of North American ancestors to be only two (Robart et al. 2015) .
Recent rbcL and matK DNA barcode data for the ten species of Pedicularis occurring in the Canadian Arctic indicate deep genetic divergence among several clades, suggesting six major lineages of this genus in the region (Saarela et al. 2013) . One such lineage consists of three closely-related species: Pedicularis lanata Willd. ex Cham. and Schltdl., Pedicularis hirsuta L., and Pedicularis langsdorffii Fisch. ex Steven, all with extensive ranges in the Canadian Arctic (Aiken et al. 2007; Hultén 1964; Porsild and Cody 1980) . Tkach et al. (2014) , in their expanded Pedicularis phylogeny (including many Arctic species omitted from previous studies), also found this "Pedicularis lanata/langsdorffii " lineage, which included P. hirsuta . In this lineage P. lanata forms a well-supported clade with P. alopecuroides Steven ex Spreng., P.
dasyantha (Trautv.) Hadac, and P. pallasii Vved., consistent with the Pedicularis lanata aggregate in Elven et al. (2011) , and Pedicularis hirsuta and P. langsdorffii are resolved as sister species (Tkach et al. hirsuta grows larger. Conversely, the species are more easily differentiated in the northern portions of their ranges, where P. langsdorffii subsp. arctica in turn has much larger, more colourful flowers than P.
hirsuta (Aiken et al. 2007 ).
These two species have been typically differentiated from each other on the basis of two small teeth located near the tip of the galea (the fused petals forming the "helmet" on top of each flower) -with P.
langsdorffii subsp. arctica possessing these teeth, P. hirsuta lacking them (Porsild 1957) . A later treatment by Porsild and Cody (1980) separated them on the basis of inflorescence pubescence; P.
hirsuta possessing a white-woolly inflorescence, while P. langsdorffii subsp. arctica appearing nearly glabrous. However, where their ranges are sympatric, morphological intermediates between these two taxa have been suggested, specifically where the two species meet on Ellesmere Island and Greenland (Porsild 1957) . This may indicate that hybridization is occurring between these two taxa. Additionally, DNA barcoding has detected the matK chloroplast haplotype of P. hirsuta in a specimen of P. langsdorffii which was thought to be due to sampling a hybrid, or detection of cpDNA Introgression (Saarela et al. 2013 ).
Most Arctic plant species are thought to be of hybrid origin, having undergone extensive reticulation through the Pleistocene (Abbott and Brochmann 2003) , and have since been stabilized through polyploidy (Brochmann et al. 2004) . While previous research asserted that polyploidy, apomixis (Bliss 1971 ) and autogamous reproduction strategies (Savile 1964) likely lowered the potential for recent D r a f t hybridization in Arctic plants, more current research indicates that rates of hybridization vary by taxon, and may be more prevalent than previously thought. Hybrids are noted in a diverse array of Arctic plant families, notable examples include Potentilla Töpel 2006, Léveillé-Bourret et al. 2014) ,
Papaver (Solstad 2008 ), Festuca (Guldhal et al. 2001 , Salix (Aiken et al. 2007) , Eriophorum (Cayouette 2004) , and xPucciphippsia (Steen et al. 2004) . As well, rates of hybridization in the Arctic may increase over time as climate change drives compatible species together (Brochmann and Brysting 2008) .
Given reports of morphological intermediates between P. hirsuta and P. langsdorffii subsp. arctica where their ranges overlap, phylogenetic closeness (Saarela et al. 2013; Tkach et al. 2014) , and overlapping flowering times (L.J. Gillespie, personal observation), which might enable interspecific crosspollination via pollinator sharing (Macior 1983), we hypothesize that these two sister taxa may be hybridizing where they come into contact. Here, we conduct an in-depth molecular and morphological analysis of P. hirsuta and P. langsdorffii subsp. arctica in Canada to assess their taxonomic boundaries, and evidence for hybridization and/or Introgression.
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Materials and Methods
Materials Examined
Specimens examined (Appendix A) for this study were selected to encompass the geographic range of both Pedicularis species across Canada, with a focus on regions where P. langsdorffii subsp. arctica and P. hirsuta are sympatric (Figure 1 ). In total, 58 specimens of P. hirsuta were examined; 54 were measured to collect morphological data (of which 50 specimens were used in the final analysis), and 47 specimens were DNA sequenced (only four of which did not have a corresponding voucher used in the morphology analyses). In P. langsdorffii subsp. arctica, 62 specimens were examined; 58 were measured for morphology (57 specimens in final analysis), and 49 specimens were DNA sequenced (only 7 of which did not have a corresponding morphology voucher).
PCR and Sequencing
Genomic DNA was extracted from both silica gel-preserved leaf tissue samples (50) and herbarium samples (52) according to protocols modified from Alexander et al. (2007) . Not all extractions or amplifications were successful -see Appendix A for complete sample details. Pedicularis lanata, P.
albolabiata, and P. labradorica were selected as outgroups so as to include congeners at varying phylogenetic distances (Robart et al. 2015) from the same geographic region (Porsild and Cody 1980) . Samples were screened for sequence variation in 18 cpDNA regions. The atpI-atpH intergenic spacer region (Shaw et al. 2005 ) was selected for further sequencing, while the following regions were rejected due to low sequence variation: the core barcode loci for vascular plants matK (Fazekas et al. 2008 ) and rbcL (Levin et al. 2003; Kress and Erickson 2007), trnH-psbA, trnC-rpoB, trnC-ycf6, trnD-trnT, trnS-trnG, trnS-trnfM (Shaw et al. 2005) , atpB-rbcL (Chiang et al. 1998 ), trnT-trnL, trnL-trnF (Taberlet et al. 1991 ), rp32-trnL, trnV-ndhC, psbD-trnT, psbJ-petA, atpI-atpH, and petL-psbE (Shaw et al. 2005 We selected the internal transcribed spacer region (ITS) of the nrDNA for sequencing to assess variation using a nuclear marker (and to compare with the plastid data). We used the ITS1 and ITS4 primers described in White et al. (1990) (Ronquist et al. 2012) . In each analysis, two Markov chains were run for 20 000 000 generations, with trees sampled after every 100 th generation, and 5000 trees discarded as the burn-in.
Results were summarized as a majority rule consensus tree.
Maximum parisimony analyses were carried out in PAUP 4.0 (Swofford 2003) by running a heuristic search algorithm using the following parameters: 1000 replicates run to completion using random stepwise addition sequence and tree bisection reconnection (TBR) branch swapping. This resulted in 204 equally parsimonious trees for the ITS dataset and 24 equally parsimonious trees for atpI-atpH dataset, from which a strict consensus tree was generated for each dataset. Bootstrap support was obtained in PAUP 4.0 using the following parameters: 100 bootstrap replicates with a maximum of 10 000 trees generated per replicate through simple stepwise addition sequence and TBR branch swapping (Swofford 2003) .
Morphology
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A set of 32 characters were selected based on keys and descriptions of P. hirsuta and P. langsdorffii subsp. arctica from both Arctic floras and primary literature sources (Hultén 1968; Porsild 1955 Porsild , 1957 Savile 1964 Savile , 1977 Welsh 1974; Aiken et al. 2007; Porsild and Cody 1980; Cody 2000; Robart 2005 Four fruiting specimen characters (fruit width, fruit length, seed width, and seed length) were ultimately omitted due to missing data; fruiting specimens were rarely encountered in our herbarium search. As they seem to be infrequently collected, we did not find enough clearly identifiable specimens to analyze.
Accordingly, specimens without flowers were omitted from the final multivariate analysis (Appendix A).
A total of 107 specimens (excluding fruiting specimens) from across the range of these taxa in the Canadian Arctic were measured. Based on measurements of key characters and our multivariate analysis (elaborated on in Results), 50 specimens were identified as P. hirsuta, 50 as P. langsdorffii subsp. arctica, and 7 specimens previously identified as P. l. subsp. arctica were identified as putative hybrids with intermediate or shared diagnostic characters from both species. These putative hybrids were omitted from both our univariate statistical analysis (though their measurements are included in Quantitative variables were tested for interspecific variation between the two taxa, excluding the putative hybrids, using a Mann-Whitney U test (as the data were not normally distributed) in PAST. We recorded the Mann-Whitney U statistic, the Z statistic, and the p value for these tests, and assessed their significance at the p<0.05 and p<0.001 levels. Median values and standard deviations for these variables were recorded and compared using boxplots.
Qualitative variable scores were transformed into percentages of specimens examined displaying each of six discrete character states for pubescence (Table 1) , and charted using a stacked column chart.
Results
Phylogenetic Analysis
Analysis of both the nuclear (ITS) and plastid (atpI-atpH) datasets show that Pedicularis hirsuta and Pedicularis langsdorffii subsp. arctica resolved together in a strongly supported clade, well separated from the outgroups, P. lanata, P. albolabiata, and P. labradorica, confirming that these two species are more closely related to each other (Figures 5, 6 ). This clade resolved as sister to P. lanata ( Figure 5 ).
Both maximum parsimony and Bayesian analysis of the ITS dataset (both trees possessed identical topology) show that P. hirsuta and P. langsdorffii subsp. arctica were each well resolved as a separate clade, with posterior probability scores of 0.73 and 0.68 and high levels of bootstrap support (92 and 98) respectively ( Figure 5 ). There was no genotypic variation or geographic structuring in the two studied species: all specimens of P. hirsuta and P. langsdorffii subsp. arctica displayed the same ITS genotype respectively.
Pedicularis hirsuta specimens display a genetically uniform haplotype and cluster together in analyses of the atpI-atpH dataset, differentiated from the majority of P. langsdorffii subsp. arctica haplotypes with a posterior probability of 0.83 and a bootstrap value of 88 ( Figure 6 ). Pedicularis langsdorffii subsp.
arctica possesses a variety of distinct haplotypes with all differentiated from P. hirsuta except for 12 specimens from Ellesmere, Banks, Devon, Melville, and Axel Heiberg Islands in the Canadian High Arctic and western Arctic islands ( Figure 1 , introgressed specimens), 11 of these 12 specimens possessed the same, and one a very similar haplotype as P. hirsuta. Most P. langsdorffii subsp. arctica haplotypes were not resolved in the Bayesian analysis, thus we present the maximum parsimony tree here ( Figure 6 ).
Morphology
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Principal components analysis of the 12 floral morphological variables show both P. hirsuta and P.
langsdorffii subsp. arctica as distinct clusters in multivariate space ( Figure 7 ). The P. langsdorffii subsp.
arctica specimens possessing a P. hirsuta haplotype (introgressed) exclusively cluster with P.
langsdorffii subsp. arctica. PCA of the full 26 character dataset showed the same pattern as the floral dataset while explaining less of the variation in the data, and PCA of the 14 vegetative characters showed total overlap between the two taxa (Supplementary Figure S1 ). Specimens forming a third cluster (discussed in detail below), intermediate between the two species, were identified as putative hybrids.
Univariate analysis of the 12 continuous floral morphology variables measured indicate that, in general, the flowers of Pedicularis langsdorffii subsp. arctica are larger and more robust than flowers of P.
hirsuta. There are significant differences between the two taxa for 11 of the 12 measured variables; for all of these variables P. l. arctica possessed the higher median value ( Figure 8 , Table 1 ). Only calyx short sepal length was not significantly different ( Figure 8 , Table 1 ). Notably, there was zero style protuberance in all P. hirsuta specimens measured, as opposed to a median length of 1.1 mm in P.
langsdorffii subsp. arctica. Of the 14 vegetative characters measured, cauline leaf blade width, cauline leaf petiole length, cauline leaf lobe length, cauline leaf lobe width, bract blade width, and bract petiole length were all significantly different between the two taxa (Supplementary Figure S2 , Table 1 ).
The vast majority of P. hirsuta specimens displayed dense inflorescence pubescence (85%), versus the nearly even split of sparse and moderate (and about 20% dense) character state proportions seen in P. possessed short, densely hirsute racemes, short calyces (both lengths), short distances from the tip of the galea to the teeth, and short corollas (all approaching P. hirsuta), wide corolla lips (approaching P. l.
subsp. arctica), and intermediate anther length and intermediate galea width (Table 1) . In this population both length of protruding style and tooth length were observed to be variable on the individual flowers of a single plant, and among different plants on the same herbarium sheet -ranging from non-exserted to extremely long-exerted styles, and calyx teeth ranging from absent to long, even on a single plant. Likewise exserted styles varied in orientation, from straight and perpendicular to the galea (as in P. l. subsp. arctica), to moderately-to-strongly recurved exserted styles (approaching the strongly recurved non-exerted styles of P. hirsuta). These plants all shared the same overall appearance, approaching an intermediate form between the two taxa, with the compact inflorescences and hirsute racemes characteristic of P. hirsuta, and the protruding styles (Table 1 ) characteristic of P. l. subsp.
arctica.
The putative hybrid specimen from the Fosheim Peninsula (Gillespie 6138) also possessed variation in teeth presence and length, and style length, exsertion, and orientation, similar to the Truelove Inlet population. Morphologically, this specimen possessed narrow corolla lips, short corollas, and short galea teeth (all characters closer to the median values observed in P. hirsuta), and long anthers, longer D r a f t distances from the galea tip to the galea teeth, and wide galeas (closer to P. l. subsp. arctica) ( Table 1) . Taxonomic status and distinguishing characters of Pedicularis hirsuta and Pedicularis langsdorffii subsp.
arctica in North America
Though there is clear evidence for hybridization and introgression in this group, our data indicates that these two largely allopatric species are distinct, though closely related entities. Analysis of the ITS sequences we generated clearly differentiates P. hirsuta from P. langsdorffii subsp. arctica ( Figure 5 ).
The same pattern is seen in the analysis of the chloroplast atpI-atpH sequences, save for the introgressed individuals ( Figure 6 ).
Morphologically, when the putative hybrids are excluded, principal components analysis of the floral character matrix shows clear separation between the two taxa, with no overlap in multivariate space ( Figure 7 ). This separation was driven by the eleven significantly different inflorescence characters measured between clearly identifiable, non-hybrid individuals for each taxon ( Figure 8 , Table 1 ).
These floral traits are consistent with Pennell's work on North American Pedicularis (1935), which is reliant on corolla and calyx characters in differentiating taxa. This was also noted in Aiken et al. (2007) :
"… the unusually large, dark purple, conspicuously spreading and clearly bidentate flowers of the far northern plants identify them with P. langsdorffii." when referring to confusion in differentiating P. D r a f t hirsuta from P. langsdorffii subsp. arctica (which they synonymized under P. langsdorffii). Böcher et al. (1968) also noted the large purple corollas of P. langsdorffii and the smaller pink corollas of P. hirsuta as useful distinguishing characters. Though we did not score flower color (very few dried specimens of either species retained their corolla colour), field observations (L.J. Gillespie) and floristic treatments (Porsild 1957; Böcher et al., 1968; Porsild and Cody 1980; Aiken et al. 2007 ) report a generally paler corolla in P. hirsuta when compared to P. langsdorffii subsp. arctica. Certainly our findings support the assertions of Böcher et al. (1968) and Aiken et al. (2007) of larger flowers, primarily statistically longer corollas, wider galeas, and wider corolla lips in P. langsdorffii subsp. arctica than in P. hirsuta (Figure 8 ).
The length of the raceme (inflorescence length: Figure 8 ) was also found to be statistically longer in P.
langsdorffii subsp. arctica than in P. hirsuta. Although inflorescence, corolla, and calyx size characters were found to be statistically significant between the two taxa, they cannot be used alone to distinguish the species due to the often large overlap (Figure 8 ).
Style protuberance and anther length were found to be the best diagnostic characters, since they had no or very little overlap, respectively, between the two taxa. Style protuberance, which was previously used to differentiate the taxa in Greenland (Böcher et al. 1968) , was found to be exceptionally useful (Figure 8 ), as the style never protrudes from "good" P. hirsuta (Figure 2 ) -only P. langsdorffii subsp.
arctica displays any style protrusion (Figures 3, 8) . Anther length was found to be an excellent diagnostic character (Figure 8 ; 0.9-2.0 mm in P. hirsuta, 2.0-3.0 mm in P. langsdorffii subsp. arctica), and one that has not been used previously.
Our findings on floral morphology in each species -small, duller colored flowers with smaller anthers and retracted styles in P. hirsuta, and larger, brightly colored flowers with large anthers and protruding styles in P. langsdorffii subsp. arctica -is consistent with the pollination syndromes previously observed in these species. Pedicularis hirsuta is structurally adapted for self-pollination (Swales 1979) , and was D r a f t found to have high reproductive success despite rare pollination events (Eriksen et al. 1993) . Studies in West Greenland showing high seed set when pollinators were excluded (Philipp et al. 1996) and no variability in seven isozyme systems studied (Philipp 1998) also provide evidence for P. hirsuta as highly self-pollinating. Conversely, P. langsdorffii subsp. arctica exhibits high reproductive success when insect pollinated -the large corolla lip, large anthers, and protruding style seem adapted for just this purpose (Williams and Batzli 1982) . Macior (1975) , in his studies of this species in the Yukon, determined that pollinators were almost exclusively bumblebees collecting both pollen and nectar, and that plants did not set seed in the absence of pollinators. Selfing versus outcrossing pollination syndromes may serve to reinforce species boundaries in this complex, but may also partially explain the hybridization and unidirectional chloroplast capture we observed, as we discuss below.
Fewer vegetative characters differed significantly (and most only at the p>0.5 level) between the two taxa; these include cauline leaf blade width, cauline leaf lobe length and width, inflorescence bract blade width, bract petiole length (p>0.01), and stem width (Suppl. figure S2 , Table 1 ). Previous work has indicated that vegetative structures are conserved in Pedicularis, and are less variable and less useful when compared to floral structures (Li 1951). Savile (1977) hypothesized that the similar leaf morphologies seen in Canadian Arctic Pedicularis species were derived from a single mid-latitude alpine species through population isolation in the Pleistocene; the pinnatifid leaves were conserved in Arctic species and suggested to be not a disadvantage in open sites. Altogether, we found floral characters, and not vegetative characters, to be useful in distinguishing P. hirsuta and P. langsdorffii subsp. arctica.
Prior to this study, there have been differences in opinion and some confusion on the taxonomic boundaries and morphological traits distinguishing P. hirsuta from P. langsdorffii subsp. arctica (Simmons 1906; Hultén 1964; Polunin 1940; Porsild 1957; Porsild and Cody 1980 fully open, and basal leaves are rarely seen on herbarium sheets of these two species. This galea teeth character is one of two often cited characters used to distinguish these two species in the above mentioned treatments, the other being stem and inflorescence pubescence.
Porsild (1957) described P. hirsuta as lacking teeth on the galea, distinguishing it from teeth-bearing P.
langsdorffii subsp. arctica. Böcher et al. (1968) also used the presence of galea teeth -though he qualified P. hirsuta as "usually without teeth" (pg. 163) -as a diagnostic character useful in differentiating the two species in Greenland. Our examination of the species complex found that typical P. hirsuta flowers do possess a pair of teeth on the galea; however, they are significantly shorter and closer to the distal tip of the corolla when compared with P. langsdorffii subsp. arctica ( Figure 8 , Table   1 ). This is consistent with Hultén (1964 -pg. 312), who asserted that P. hirsuta had "a less distinct tooth of the galea". Even though both species bear teeth on the galea, our results indicate that the length of the teeth and their distance from the corolla tip are useful characters for differentiating these sister species, similar to their use in other members of Pedicularis (Li 1948).
Another previously unclear taxonomic character is the pubescence on the stem and surrounding the inflorescence in these two species. Previous work by Porsild and Cody (1980) suggested that the stem and inflorescence of P. langsdorffii subsp. arctica were glabrous or nearly so while in P. hirsuta they were "white-wooly". Later, Cody (2000) also described the inflorescence of Yukon P. langsdorffii subsp.
arctica as essentially glabrous. Our qualitative examination of the species complex showed that the stem and inflorescence of P. hirsuta were indeed frequently densely hairy, but very few of the P. langsdorffii subsp. arctica specimens were completely glabrous. Overall, stem pubescence showed similar levels of density for both species, but P. hirsuta possessed a greater number of specimens with very hairy inflorescences. While some variation in the amount of hair is likely due to phenotypic plasticity, the D r a f t higher density of hair on the inflorescence in P. hirsuta allows for it to be retained as a distinguishing character.
Combining the two diagnositic characters, style protuberance and anther length, with the statistically significant flower and inflorescence size characters allows us to create a key useful for separating these taxa. Of the many different keys in the literature, each focusing on a single or a set of different characters, the key of Böcher et al. (1968) , which used style protruberance, corolla size, and corolla colour, best differentiated the two taxa.
Key to Pedicularis hirsuta and Pedicularis langsdorffii subsp. arctica in Canada
Style not protruding from tip of corolla galea; anthers 0.8-2.0 mm long; galea teeth absent or short ( 
Phylogeography of Pedicularis hirsuta and Pedicularis langsdorffii subsp. arctica
The genetic variation observed within the cpDNA atpI-atpH sequences is similar to patterns seen in previous studies on Arctic plant evolution and phylogeography in North America (Tremblay and Schoen 1999; Abbott and Brochmann 2003; Eidesen et al. 2007 ): a genetically diverse taxon (P. langsdorffii subsp. arctica) centered on unglaciated Beringia, and a genetically-uniform taxon (P. hirsuta) with a
Canadian centre of distribution in the glaciated Arctic Islands (Figures 1, 6 (Saarela et al. 2013) , and the nuclear haplotype of P. l. subsp. arctica D r a f t (Figure 5, as GIL_2588) , consistent with our previously identified putative hybrids. These characters included small anthers (1.6-2.0 mm long) and short galea teeth (0.3-0.5 mm), both character states closer to P. hirsuta, and long corollas (13.0-16.0 mm long), a P. langsdorffii subp. arctica trait. Notably, this specimen possessed exserted styles of varying lengths, many of which were very long and recurved, a trait observed in the putative hybrid population at Truelove Inlet.
Additionally, we identified one potential hybrid specimen from Bylot Island, Nunavut, after we completed our data analysis. This specimen (Scotter and Zoltai 67143, DAO 334867), previously identified as P. l. subsp. arctica, possessed the larger stature and larger flowers of P. langsdorffii subsp.
arctica, the hirsute inflorescences of P. hirsuta, and the sometimes-exserted, recurved styles identified as a hybrid character above. This specimen may in fact represent an eastern limit of the hybrid zone between these two taxa. Although Porsild (1957) Introgression happens when two taxa hybridize, and the hybrid backcrosses with the paternal parent, "capturing" the chloroplast of the maternal parent in subsequent offspring. Over evolutionary time these lineages remain taxonomically distinct from one other -subsequent hybridization between the taxa is rare -and the result is two stable species, with one possessing a chloroplast inherited from the other through these introgression events (Harrison and Larson 2014). Introgression has been previously documented in the Canadian Arctic Archipelago in Poa hartzii (Gillespie et al. 1997; Gillespie and Boles 2001) , and suggested in some Canadian populations of the circumpolar legume Astragalus eucosmus (Sokoloff and Gillespie 2012) .
Introgression may fit one of two patterns: localized or dispersed (Rieseberg and Brunsfeld 1992) . In the former scenario, chloroplast capture occurs within a highly localized hybrid swarm, with extensive reticulation and morphological intermediates confined to a specific geographic area. This pattern is commonly seen in sympatric species (Rieseberg and Brunsfeld 1992) . While both P. hirsuta and P.
langsdorffii subsp. arctica are allopatric at the eastern and western parts of their ranges respectively (Figure 1 ), they may be considered sympatric where they come into contact in the north central
Canadian Arctic Archipelago, given their similar habitat preferences (moist tundra, riverbanks and pond edges) (Aiken et al. 2007) , and previous collections of both species from the same site, notably on
Ellesmere Island (Soper and Powell 1985) .
Though these sympatric zones weren't directly observed for the purposes of this study, morphologically In the second pattern of introgression described in Rieseberg and Brunsfeld (1992) , dispersed introgression, gene flow occurs between two species from their point of contact -after the initial hybridization, backcrossing occurs preferentially with one of the two parents, giving rise to chloroplast capture in taxonomically "good" species -i.e., the chloroplast genome of one parent in a plant with the nuclear genome and morphotype of another (Rieseberg and Brunsfeld 1992) .
This pattern was observed at multiple points of contact between P. hirsuta and P. langsdorffii subsp.
arctica; these introgressed individuals (P. langsdorffii subsp. arctica specimens that exhibited the P.
hirsuta cpDNA haplotype) were only found where the two species met in the Canadian High Arctic and western Arctic islands (i.e., Ellesmere Island, Devon Island, Axel Heiberg Island, Melville Island, Banks Island) .
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Under this model, backcrossing is generally unidirectional (Soltis et al. 1992) . Ducarme and Wesselingh's work (2005) found unidirectional introgression into Rhinanthus angustifolius from Rhinanthus minor.
They hypothesised that the direction of introgression could be influenced by several factors. The direction of most frequent crosses, the relative abundance of the different species, as well as other environmental conditions were suggested as playing a part in directing the evolution of mixed populations.
Based on our molecular and morphological evidence, pollination syndromes and floral morphology are likely the major drivers of unidirectional chloroplast introgression from P. langsdorffii subsp. arctica into P. hirsuta. As mentioned previously, P. langsdorffii subsp. arctica is structurally well adapted for outcrossing (Willams and Batzli 1982) , and P. hirsuta is observed to be predominantly selfing (Eriksen et al 1993; Phillip 1998 
